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1.0  INTRODUCTION 

The  purpose  of  this  report  is  to  summarize  the  calculated  performance  of 
the  instrumentation  being  provided  by  Visidyne  for  the  Sensor  Module  on  the 
EXCEDE  III  artificial  aurora  experiment.  The  EXCEDE  III  flight  differs  in  one 
major  respect  from  the  other  flights  in  the  program.  Whereas  the  previous 
EXCEDE  experiments  used  a  single  payload  module  to  house  the  accelerator  and 
sensor  package,  the  EXCEDE  III  experiment  will  make  use  of  an  accelerator  module 
and  a  sensor  module  that  will  separate  after  booster  burn  out.  Figure  1  shows 
the  flight  geometry  for  the  last  mission,  the  EXCEDE  Spectral  Experiment.  As 
can  be  seen  from  the  figure,  the  on-board  sensors  examined  a  portion  of  the 
irradiated  atmosphere  very  close  to  the  payload.  This  resulted  in  the  probable 
contamination  of  the  observed  spectra  by  water  vapor  outgassed  from  the  rocket. 
It  has  also  been  postulated  that  due  to  beam  plasma  discharge  effects,  the 
energy  deposition  near  the  rocket  was  strongly  perturbed.  In  order  to  ensure 
that  such  events  do  not  occur  again,  the  EXCEDE  III  mission  uses  two  payload 
modules,  with  the  flight  geometry  shown  schematically  in  Figure  2. 

Launch  of  the  EXCEDE  III  experiment  will  be  from  White  Sands  Missile  Range, 
along  a  north-south  trajectory.  The  general  flight  configuration  is  shown  in 
Figure  3.  Three  different  sets  of  flight/beam  conditions  have  been  considered 
in  our  predictions.  In  condition  set  1,  a  down  range  velocity  of  150 
meters/sec,  and  apogee  at  130  km  was  assumed.  At  95  seconds  prior  to  reaching 
apogee,  the  gun  module  and  sensor  module  separate  with  a  speed  of  five 
meters/sec.  From  the  gun  module  originates  a  3  keV,  120  kw,  and  30  m  diameter 
electron  beam,  fired  along  the  geomagnetic  field  line.  In  condition  set  2,  a  14 
m  diameter,  3  keV,  120  kw  beam  fired  along  the  field  line  was  assumed.  Here, 
the  trajectory  is  changed  to  a  down  range  velocity  of  225  meters/sec,  and  apogee 
at  120  km.  The  gun  module  and  instrument  module  separate  at  a  constant  velocity 
of  3.5  meters/sec,  with  separation  occurring  84  seconds  prior  to  reaching 
apogee.  Finally,  in  condition  3,  the  down  range  velocity  is  250  m/s  with  apogee 
at  120  km.  The  beam  diameter  is  30  m  and  the  modules  separate  at  a  constant 
velocity  of  3.3  m/s  89  seconds  before  reaching  apogee.  Table  1  summarizes  the 
three  conditions. 

Section  2  of  this  report  contains  a  description  of  the  electron  energy 
deposition  model  followed  by  a  discussion  of  the  production  models  used  to 
generate  the  different  emission  spectra.  Finally,  a  description  of  the  model 
used  to  simulate  the  x-ray  spectrum  is  given.  Section  3  applies  these  models  to 
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Figure  1.  EXCEDE  Spectral  Configuration 
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Figure  3.  EXCEDE  III  Orientation 


TABLE  1 


SUMMARY  OF  FLIGHT  CONDITIONS 


Condition  Set  1 

Condition  Set  2 

Condition  Set  3 

Site  Parameters 

g  ( m  sec” 2 ) 

9.4 

9.4 

9.4 

Magnetic 

Inclination  ( 0 ) 

60 

60 

60 

Beam  Parameters 

Po  (kilowatts) 

120 

120 

120 

Diameter  (meters) 

30 

14 

30 

Flight  Parameters 

Down  Range 

Velocity  (iVsec) 

150 

225 

250 

Separate 

Velocity  (n\/sec) 

5 

3.5 

3.3 

Time  of  Separation 
(sec  before  apogee) 

95 

84 

89 

Apogee  (km) 

130 

120 

120 
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the  actual  instruments  and  predictions  of  their  performance  are  given.  Ihe 
x-ray  detector  is  discussed  first  followed  by  results  for  the  spectrometer  and 
photometer  systems. 

2.0  INSTRUMENTATION  MODELS 

Electron  Deposition 

Eight  filaments  mounted  on  the  accelerator  module  are  used  to  generate  the 
electron  beam.  The  beam  is  aimed  along  geomagnetic  lines,  hence,  the  electrons 
travel  on  helical  paths  about  the  field  lines.  In  these  calculations  it  was 
assumed  that  the  field  of  views  of  the  detectors  sample  a  region  of  the  electron 
beam  at  a  point  that  is  ten  percent  of  the  beam  practical  range.  (This  geometry 
is  pictured  in  Figure  2.)  We  have  utilized  a  fitted  curve  for  dP/dx,  based  on 
the  work  of  Maeda1 1 1  which  is  given  by: 

dP/dx  *  (2  PQ/L)  exp  (-(x-.31)2/0.09]  (Wnf 1  ) 

where  Pq  is  the  beam  power  in  watts,  x  is  the  fraction  of  the  practical  range  at 
which  the  observation  is  made,  and  L  is  the  practical  range  of  the  primary 
electrons  in  meters.  For  a  3  keV  electron,  L  is  given  by: 

L  -  6.6  *  1021/N  (m), 

where  N  is  the  number  density  (nf 3  )  at  the  altitude  of  interest.  In  the 
following  calculations  we  have  used  the  values  shown  in  Table  2  which  are  taken 
from  the  1976  U.S.  Standard  Atmosphere.  A  plot  of  dP/dx  as  a  function  of 
altitude  for  3  keV  electrons  is  shown  in  Figure  4. 

Production  Models 

The  models  used  to  calculate  the  count  rates  for  the  different  instruments 
on  the  sensor  module  are  described  below.  A  model  for  the  x-ray  flux  is 
discussed  followed  by  the  different  models  for  the  prompt  and  delayed  emission 
lines  observed  by  the  spectrometers  and  photometers.  Tables  3  and  4  list  the 
prompt  and  delayed  transitions  used  in  the  following  calculations.  Table  5 
lists  the  dominant  quenching  reactions  affecting  the  delayed  emission  lines  at 
altitudes  above  about  90  km.  At  lower  altitudes  three-body  reactions  become 
important.  These  have  not  been  included  in  this  report. 
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TABLE  2 


ATMOSPHERIC  NUMBER  DENSITIES 


Altitude 

Number  Density 

130 

1.9  *  1017 

120 

5.1  *  1017 

110 

2.1  *  1018 

100 

1.2  *  1019 

90 

7.1  *  1019 

80 

3.3  *  102° 
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TABLE  3 


EXCEDE  III  SPECTROMETER 
SELECTED  PROMPT  EMITTERS 


WAVELENGTH 

O 

A 

EMITTING 

SPECIES 

auroral'  * 1 

EFFICIENCY 

l*»i 

EXCEDE1  1 
EFFICIENCY 

LIFE-13'4'51 

TIME 

(S) 

LIFE-'  6  1 
TIME 
(S) 

1743 

N  3S2P  -  2p2p 

1.1x10' 4 1 4 1 

5. 2x10" 4 

PROMPT 

1854 

N2  LBH  (3-9) 

1.4x10' 4 

2. 6x1 O' 4 

1.4x10“ 4 

2313 

N2  HK  (0-2) 

5. 4x10' 5 1 5 1 

2. 1x10' 4 

3x10“ 4 

3577 

N2  2P  (0-1) 

1.4x10' 3 1 4 1 

2.1x10" 3 

5x10“ 8 

1.4x10“ 7 

3914 

N2+  IN  (0-0) 

4x10” 3131 

4x10' 3 

7x10“ 8 

8.1x10“" 

4709 

N2+  IN  (0-2) 

2.5x10' 4 1 4 1 

3x10' 4 

6x10“ 8 

2. 0x10“ 6 

5609 

02+  IN  (1-0) 

6. 6x10' 4 1 4 1 

<  10' 4 

1.1x10" 6 

6705 

N2  IP  (5-2) 

1.4x10' 3 1  4 1 

7x10“ 4 

8x10“ 6 

1.1x10“ 5 

7064 

N2+  M  (4-1) 

5. 5x10' 4 1101 

3. 5x10“ 4 

1.2x10"  5 

5. 1x10' 6 

7505 

N2  IP  (4-2) 

3. 0x10' 3 1 4 ! 

2. 2x10“ 3 

8x10“ 6 

1.0x10“ 5 

[*]  From  observed  natural  auroras. 

[**]  From  observed  EXCEDE  II  artificial  aurora. 


9 


TABLE  4 


EXCEDE  III  PHOTOMETER  EMITTERS 


Wavelength 

(A) 

2761 

5200 

5577 


Wavelength 

(A) 

3805 

3914 

5228 


DELAYED  EMITTERS 

Emitting  Species 

N2VK(0-6) 

N(2D) 

ot's) 

PROMPT  EMITTERS 

Emitting  Species 
N2 2P(0-2) 
N2+lN(0-0) 
N2+lN(0-3) 


Lifetime 

(sec) 

6. 12* 7 1 

9.36  x  104M1 

0.741 4 1 


Lifetime 

(sec) 

PROMPT 

7  x  10“8 

9.52  x  10-616) 
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TABLE  5 


DELAYED  EMISSION  QUENCHING 


Dominant 

Rate 

Upper 

Quenching 

Constant 

X 

State 

Particle 

cm3  sec"1 

2761 

N2VK(0-6) 

0 

2.0  x  10'lom 

5200 

N(2D) 

°2 

5.3  x  10"12181 

0 

4.0  x  10"13'8’ 

5577 

oCs) 

°2 

2.0  x  lO'1314' 
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X-Ray  Production 

X-rays  due  to  bremsstrahlung  will  be  associated  with  the  energy  deposition 
of  the  electrons  and  can  be  used  as  a  method  for  monitoring  the  beam.  An 
elementary  calculation  of  the  x-ray  fluxes,  at  the  detectors,  was  carried  out 
using  simple  geometric  models  and  a  crude  estimate  of  x-ray  generation 
efficiencies.  Care  was  taken  in  these  estimates  to  use  conservative  numbers  so 
that  the  actual  fluxes  observed  during  the  flight  are  likely  to  be  higher  than 
those  calculated  below. 

For  this  simple  calculation  the  electron  beam  is  assumed  to  be 
monoenergetic  and  the  energy  deposition  is  assumed  to  be  uniform  throughout  the 
beam.  The  x-rays  seen  at  the  detector  are  proportional  to  the  fraction  of  the 
beam  within  the  instrument's  field  of  view.  In  calculating  the  amount  of  energy 
converted  to  x-rays,  the  empirical  expression  given  by  Evans* 2 1  for  thick 
target  absorbers  was  used.  The  fraction  of  power  converted  to  x-rays  is  given 
by: 

fraction  =  0.0007  Z  Ee 

where  Z  is  the  atomic  number  of  the  target  (~  7.3  for  air)  and  Eu  is  the  energy 
of  the  electrons  in  MeV.  The  number  spectrum  was  obtained  assuming  the 
intensity  as  a  function  of  the  frequency  was  constant.  It  was  estimated  that 
the  number  of  photons  between  1.5  keV  to  3  keV  (the  region  of  interest)  is 
approximately  3%  of  the  total  number  of  x-rays  produced. 

Prompt  Spectrometer 

For  most  of  the  flight  the  spectrometer  field  of  view  is  underfilled  in  one 
direction,  as  shown  in  Figure  5.  However,  early  in  the  flight  the  field  of  view 
is  overfilled;  this  occurs  when  the  field  of  view  across  the  beam,  (3d,  is  less 
than  the  diameter  of  the  beam,  2r. 

The  formula  for  the  counting  rate  from  the  spectrometer  due  to  prompt 
emission  lines  is: 


BASe 

R  =  - 

hv 
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where: 


R  ■  Detector  counting  rate 
B  ■  Surface  brightness  (Watts/m2 -ster) 

A  »  Collector  area  (m2 ) 

2  «  Detector  solid  angle  (steradians) 
e  *  Spectrometer  efficiency 
hv  -  Energy  in  joules  per  photon 

The  factor  e  is  the  overall  detector  efficiency.  This  efficiency  is  the  product 
of  the  detector  quantum  efficiency,  the  mirror  reflectances,  and  the  filter, 
window,  and  lens  transmittances.  The  surface  brightness  B,  is  given  by  the 
expression 


dP  1  1 

B  -  —  -  - Y 

dx  8  nr  cos© 


where: 

dp/dx  »  Energy  deposition  along  the  beam 
r  =  Beam  radius 

Y  -  Efficiency  for  production  of  spectral  feature 
@  -  Angle  of  viewing  the  beam  (Ref.  Figure  5) 

In  this  expression  it  is  assumed  that  the  average  thickness  seen  by  the  detector 
is: 


nt 

2cos© 

case  i.:  overfilled  (0d<2r) 

The  solid  angle  in  this  case  is  given  by  2  -  ot©  where  a  is  the  field  of 
view  along  beam  and  8  is  the  field  of  view  across  beam  (see  Figure  5).  The 
final  rate  at  the  detector  is  given  by: 


R 


dP 

1 

A 

Y 

dx 

8  nr 

cos© 

hv 

a|3e 
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case  ii.  underfilled  ((3d>2r). 

The  field  of  view  across  the  beam  is  limited  by  the  width  of  the  beam, 
therefore,  (3d  is  equal  to  2r  and  the  solid  angle  is 

2  otr 

2  m  - 

d 

(d  is  beam-detector  distance).  The  counting  rate  for  the  spectrometer  is 

dP  1  A  at  Y 

dx  4ji  cos©  d  hv 

Delayed  Spectrometer  Model 

The  concentration  of  the  excited  state  as  a  function  of  time  must  be  known 
to  calculate  the  delayed  emission.  This  requires  a  knowledge  of  both  the 
production  and  the  removal  rates  of  the  excited  state. 

The  volume  production  rate  of  an  excited  state  is  obtained  by  the  relation 

dP  A 

q - r  , 

dx  nr 

where 

A  -  number  of  excited  states  produced  per  joule  of  input  energy, 
r  -  beam  radius. 

The  factor  Z  is  determined  from  the  number  of  excited  states  produced  per  ion 
pair191  and  the  number  of  ion  pairs  created  per  joule. 

The  removal  rate  of  excited  states  is  determined  from  a  knowledge  of  the 
quenching  coefficients  for  each  reaction,  and  of  the  radiative  transition 
probability.  The  removal  rate  is 

\  "  Eikini  +  \ 

where 

Aj,  -  total  removal  rate,  per  second, 

kA  -  quenching  coefficient  for  reaction  i, 

nt  -  concentration  of  reactant  i, 

Ag  -  Einstein  A  coefficient. 
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The  Sion  is  taken  over  all  important  quenching  reactions  and  reactants.  The 
quenching  coefficients  and  dominant  quenching  particles  for  all  delayed  emission 
calculations  of  this  report  are  found  in  Table  5. 

The  number  of  excited  states  per  cubic  meter  N  at  a  given  time  t,  is 
dependent  on  the  relative  magnitudes  of  the  competing  processes  of  production 
and  removal.  The  expression  describing  the  build-up  and  decay  of  these 
transitions  is 


<3  _3 
ND  =  —  (l-expt-AjTjJ)  (m  ) 

N 

The  time,  td,  is  the  maximum  dosing  time  and  is  equal  to  the  time  for  the 
acclerator  module  to  traverse  the  distance  of  one  beam  diameter  perpendicular  to 
the  geomagnetic  field  line.  Different  points  across  the  beam  have  been  dosed 
for  different  amounts  of  time:  an  average  value  for  ND  is  obtained  by 
integrating  across  the  beam  with  respect  to  the  time  of  dosing. 

When  the  solid  angle  is  underfilled  by  the  beam,  part  of  the  field  of  view 
is  no  longer  being  irradiated  but  may  still  make  a  significant  contribution  to 
the  count  rate.  In  the  case  where  no  more  production  occurs,  the  number  of 
excited  states  is  governed  by  an  exponential  decay  law  and  is  described  in 
detail  in  the  Delayed  Photometer  section  that  follows.  When  the  sensor  and 
accelerator  modules  are  far  apart  this  additional  contribution  to  the  count  rate 
dominates . 

The  general  equations  given  in  the  previous  section  for  the  count  rates 
again  apply.  However,  the  surface  brightness  for  the  delayed  emissions  is  given 
by 


B-No\ 


r 

- hv 

8  Cos© 


where 

Nd  -  Excited  statesAolume 
Ag  -  Einstein  coefficient 
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] 


Prompt  Photometer  Model 

Because  the  photometers  have  small  fields  of  view  (see  Table  9),  the  solid 
angle  is  always  filled  and  the  surface  brightness  is  approximated  by  calculating 
the  emission  from  a  small  tube  running  through  the  center  of  the  beam  of  length, 
2r/Cos0.  The  power  deposition  by  the  beam  per  unit  length,  dP/dx,  is  the  same 
as  that  given  in  the  prompt  spectrometer  model.  The  surface  brightness,  B,  of 
the  beam  in  the  spectral  line  of  interest  is  given  by 


dP  1  1 

B  - - Y  (Wtrf 2  sr”1 ) 

dx  cos©  2n2r 


Here, 

r  -  beam  radius, 

Y  «  efficiency  for  the  spectral  line 
and  0  is  defined  in  Figure  5. 

The  count  rate,  R,  for  the  photometer  is 


B  AQ  e 

R  -  - 

hv 


where 

A  «■  collector  area, 

Q  -  detector  solid  angle, 
e  •  photometer  quantum  efficiency 
Delayed  Photometer  Model 

Figure  6  shows  the  geometry  of  the  scanning  photometer  viewed  in  the 
direction  of  the  field  line.  The  angle  x  is  the  offset  angle  of  the  photometer, 
d  is  the  separation  between  the  beam  and  the  sensor  module,  and  the  offset 
distance,  a  -  d*tan  x« 

The  time  for  the  accelerator  modules  to  travel  the  distance  a  is  equal  to 
the  time  since  the  sampled  region  was  irradiated  and  to  is  given  by 


V  2v  (t-t  )tanx 

(t-V2 - 

gCos$  Cos© 
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Figure  6-  Delayed  Photometer  Geometry 


Here, 


vg  -  velocity  of  separation  of  accelerator/sensor  modules, 
g  -  gravitational  acceleration, 

♦  -  magnetic  inclination, 

Xj  ■  time  of  tangency, 
ts  -  time  where  separation  occurred, 
t  ”  time  at  current  beam  position 

NOTE:  Flight  time  t  -  0  corresponds  to  apogee;  all  the  above  times  are  with 

respect  to  apogee.  Tangency  is  defined  to  be  where  the  velocity  of  the 
accelerator  module  perpendicular  to  the  field  line  vanishes,  and  subsequently 
reverses  direction. 

The  volume  rate  of  production  and  the  removal  rate  are  both  calculated  at 
the  offset  distance  a,  by  the  same  method  described  in  the  Delayed  Spectrometer 
section. 

When  the  photometer  is  sampling  a  region  that  is  no  longer  being  dosed,  the 
number  of  excited  states  per  cubic  meter  is  governed  by  the  decay  law 

N  -  Nd  expl-AjT,  ] ,  (m" 3 ) 

where 

q  _3 

nd  -  —  (1-expl-AjTp)),  (m  ) 

Here, 

q  -  volume  production  rate, 

A,,  •  total  removal  rate, 

t0  «*  length  of  time  that  the  region  was  dosed, 

Tff  ■  length  of  time  since  region  was  irradiated. 

The  field  of  view  is  again  overfilled  and  the  surface  brightness  has  been 
approximated  by  the  expression 


r 

B  =  NA  —  hv 
™  2n 
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Combining  all  factors,  the  final  counting  rate  for  the  detector  is  approximated 
by 

r 

R  =  NA  —  ASe  ( s~ 1  ) 

2n 


where 

N  =  excited  states/volume 
Ag  -  Einstein  A  coefficient, 

A  -  detector  area, 

Q  =  detector  solid  angle, 
r  «=  beam  radius, 

and  e  is  the  overall  detector  efficiency  defined  above  in  the  prompt  photometer 
section. 


3 . 0  COUNTING  RATES 

X-Ray  Counter 

Two  x-ray  counters  are  part  of  the  sensor  module  and  are  used  to  monitor 
the  electron  beam  flux.  For  this  experiment,  we  consider  two  detectors  with 
collecting  areas  of  2  cm2  and  30  cm2 .  Collimators  made  of  aluminum  hexagonal 
honeycomb  building  material  provide  a  nominal  field  of  view  for  the  detectors  of 
-  8°  FWHM. 

The  basic  detector  is  a  proportional  counter  filled  with  90%  Argon  and  10% 
methane  gas  with  a  25  /um  thick  beryllium  window.  The  quantum  efficiency  of  such 
a  detector  is  shown  in  Figure  7,  and  corresponds  to  a  detector  where  the  gas 
thickness  is  3  atm-cm  based  on  a  gas  pressure  of  one  atmosphere.  The  mean 
quantum  efficiency  in  the  range  of  greatest  interest  (1.5-3  keV)  is  greater  than 
50%.  These  detectors  typically  have  an  energy  resolution  of  ~  18%  EVJHM  at  5.9 
keV  and  this  value  varies  as  the  inverse  square  root  of  the  photon  energy. 

The  response  of  this  proportional  counter  to  the  B*.emsstrahlung  X-rays 
produced  by  monochromatic  electrons  is  shown  in  Figure  8.  These  results  were 
obtained  by  convolving  the  X-ray  photon  number  spectrum  with  the  efficiency  and 
resolution  of  the  proportional  counters.  These  curves  represent  the  electronic 
pulse  height  distributions  that  would  be  recorded  with  the  proportional  counters 
for  the  case  of  infinite  counting  statistics.  Note  that  the  mean  of  the  pulse 
height  distributions  (marked  with  arrows)  for  2.0,  2.5  and  3.0  keV  electron 
beams  occur  at  ~  1.4,  1.6  and  1.8  keV,  respectively.  This  results  from  a 
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QUANTUM  EFFICIENCY 


DETECTOR  EFFICIENCY 


Figure  7.  X-Ray  Detector  Efficiency 


21 


RELATIVE  COUNT  RATE 


SIMULATED 
PULSE-HEIGHT 
DISTRIBUTIONS 
25 yUL  Be  Window 
Detector 

(Infinite  Counting 
Statistics) 


PULSE  HEIGHT  (kev) 


Figure  8.  Simulated  X— Ray  Pulse  Height  Distributions 


combination  of  the  rapidly  rising  x-ray  photon  (number)  spectrum  which  is 
proportional  to  v"1  and  the  rapidly  declining  detector  efficiency  with 
decreasing  energy.  The  empirical  relation  is: 

<PH>  -  0.4  E#  +  0.6  , 

where  <PH>  is  the  mean  pulse  height  (in  keV)  and  is  the  monochromatic  energy 
of  the  electrons  (also  in  keV). 

The  effects  of  photon  counting  statistics  on  the  x-ray  spectra  have  been 
studied.  Monte  Carlo  calculations  have  been  carried  out  to  simulate  the  pulse 
height  distributions  that  might  be  obtained  with  different  numbers  of  total 
detected  x-ray  events.  In  each  case  it  is  assumed  that  the  observation  is  of 
one  second  duration  and  that  there  is  a  non-x-ray  background  of  100  counts  which 
are  distributed  uniformly  in  pulse  height.  This  rate  is  conservatively  large 
based  on  our  sounding  rocket  experience,  and  the  approximately  uniform 
distribution  with  pulse  height  has  also  been  empirically  verified.  For  the 
calculations  we  assume  three  different  (mean)  total  detected  events:  104 ,  103 
and  102  .  Simulated  pulse  height  distributions  for  beams  of  2  keV  and  3  keV 
electrons  and  for  three  different  total  events  are  shown  in  Figure  9.  Gaussian 
statistics  were  used  when  more  than  30  counts  per  bin  are  involved  and  Poison 
statistics  were  used  for  fewer  than  30  events.  A  typical  /n  counting  statistics 
error  bar  is  shown  in  each  plot.  The  mean  of  each  distribution  is  indicated 
with  an  arrow.  In  each  case  the  mean  is  shifted  and  the  width  is  broader  for 
the  3  keV  beam  than  for  the  2  keV  beam.  In  particular,  note  the  dramatic 
difference  in  the  number  of  events  with  pulse  heights  above  2  keV  for  the  two 
cases,  a  minimum  of  -  100  detected  events  is  required  to  begin  to  place 
significant  constraints  on  the  electron  energy.  Total  counts  of  103  are  quite 
adequate,  while  104  or  more  counts  begin  to  approach  the  case  of  infinite 
counting  statistics. 

The  ability  of  the  experiment  to  discriminate  different  electron  energy 
beams  is  further  illustrated  in  Figure  10  where  summary  results  of  a  number  of 
Monte  Carlo  experiments  are  shown.  Each  data  point  in  Figure  10  represents  the 
mean  pulse  height  energy  for  a  given  incident  spectrum  produced  by  electrons  of 
the  indicated  energy.  For  the  case  of  104  detected  events,  the  linear  relation 
between  mean  pulse  height  and  electron  energy  is  nearly  perfect.  In  the  case  of 
103  detected  events,  and  Monte  Carlo  experiments  were  carried  out  three  separate 
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Figure  9.  X-Ray  Detector  Distribution  with  Counting  Statistics 


ELECTRON  ENERGY  (kev) 


tiroes  and  the  individual  results  are  indicated  with  open  circles,  filled 
circles,  and  triangles,  respectively.  The  effects  of  finite  counting  statistics 
are  now  becoming  evident.  However,  the  energy  discrimination  (for  a 
monochromatic  electron  beam)  is  still  ~  0.1  keV.  When  there  are  as  few  as  ~  100 
detected  events  the  effects  of  counting  statistics  have  become  very  inportant, 
although  it  is  still  possible  to  tell  whether  the  beam  cor  tains,  for  example, 
2.8  keV  electrons  or  2.2  keV  electrons. 

Additional  simulations  have  been  carried  out  to  take  into  account  a 
possible  spread  in  electron  energies  within  the  beam.  Note,  however,  it  is 
expected  that  the  beam  will  be  monochromatic  out  to  distances  of  -  20%  of  the 
practical  range  (x«0.2).  For  other  reasons  (discussed  belcw)  it  may  be  better 
that  most  of  the  observations  be  carried  out  closer  to  the  electron  guns  (e.g. 
at  x-0.05  or  x-0.1). 

If  the  distribution  of  electron  energies  becomes  very  complex  the 
interpretation  of  the  data  is  much  more  complicated.  Nevertheless,  the  x-ray 
measurement  will  reveal  the  fraction  of  power  in  the  beam  in  the  form  of 
electrons  with  energies  above  1.5,  2.0,  2.5  or  3  keV  in  addition  to  any 
significant  number  of  electrons  with  higher  energies  (e.g.,  4  or  5  keV). 

Sample  x-ray  counting  rates  have  been  calculated  for  a  flight  profile  of 
the  EXCEDE  III  mission  similar  to  condition  set  1.  These  calculations  are  based 
on  an  active  area  of  20  cm3 .  A  launch  was  assumed  where  the  rocket  travels  from 
north  to  south  with  a  peak  altitude  of  130  km  and  a  horizontal  velocity  of  300 
meters/sec.  The  expected  altitude  of  the  rocket  as  a  function  of  time  is  shown 
in  Figure  11a.  The  time  evolution  of  the  practical  range  cf  the  3  keV,  90  kw, 
electron  beam  is  plotted  in  Figure  lib.  Note  that  the  practical  range  varies  by 
two  orders  of  magnitude  (~  0.3  km  -  30  km)  throughout  the  flight.  The  flux  of 
x-rays,  produced  by  the  electron  beam  that  would  be  incident  on  a  detector 
placed  on  the  sensor  module  ("daughter")  as  well  as  on  a  detsctor  located  on  the 
gun  module  ("mother")  have  been  estimated  and  are  shown  as  a  function  of  time  in 
Figure  11c  and  lid,  respectively.  The  sensor  module  was  assumed  to  separate 
from  the  gun  module  at  95  sec  before  apogee  and  at  a  rate  of  5  m/sec.  The 
center  of  the  field  of  view  of  the  x-ray  detector  on  the  gun  module  would  be 
pointed  at  the  electron  beam  at  a  distance  of  -  10-20  meters  from  the  electron 
guns.  This  orientation  would  be  fixed  throughout  the  flight.  It  is  assumed 
that  the  x-ray  detectors  on  the  sensor  module  would  be  pointed  at  the  electron 
beam  at  a  distance  from  the  gun  equal  to  1/10  of  the  practical  range. 
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DOSING  TIME  (Sec)  X-RAY  FLUX  AT  MOTHER  ALTITUDE  (km) 

(Cm_2Sec_1) 


EXCEDE  PARAMETERS 


TIME  (Seconds) 

Figure  lla-e.  EXCEDE  Parameters  Used  for  X-Ray  Calculation 
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ENERGY  DEPOSITION  X-RAY  FLUX  AT  BEAM  PRACTICAL 

(ev/molecu(e)  DAUGHTER  (Cm~2Sec-1)  RANGE  (m) 


Fluxes  were  calculated  at  the  various  detectors  using  simple  geometric 
models  rather  than  attempting  formal  de  .ailed  numerical  integration  (see  x-ray 
production  section).  Only  x-rays  with  energy  >1.5  keV,  the  region  of  interest, 
were  considered  in  these  calculations.  The  fluxes  at  the  sensor  module  range 
from  5  photons  cm’2  sec’1  to  >  103  photons  cm-2  sec”1.  It  is  desirable  to 
detect  x-rays  at  the  rate  of  103  -  104  sec’1  in  order  to  maximize  the  counting 
statistics  while  minimizing  the  effects  of  pulse  "pile  up"  in  the  proportional 
counters.  There  is  an  interval  of  ~  60  sec  near  apogee  when  the  x-ray  detectors 
on  the  sensor  payload  record  only  a  marginally  statistically  meaningful  number 
of  events  per  second  (<  200).  During  this  interval,  however,  data  from  -  3-10 
sec  could  be  combined  to  enhance  the  quality  of  the  results.  The  remainder  of 
the  flight  yields  excellent  counting  rates. 

Finally,  it  is  shown  in  Figure  11  for  general  interest,  the  expected  dosing 
times  and  the  mean  energy  deposited  per  molecule  from  the  electron  beam.  The 
dosing  time,  ,  is  taken  to  be  the  time  for  the  gun  module  to  traverse  a 
distance  of  30  meters  perpendicular  to  the  magnetic  field  lines.  We  define  a 
time  of  t2  for  the  gun  module  to  move  a  distance  along  the  field  lines  equal  to 
the  practical  range  of  the  beam.  The  dosing  time  plotted  in  Figure  lie  is  the 
smaller  of  the  quantities  ,  and  t2 .  The  energy  deposited  per  molecule 
provides  a  rough  idea  of  the  state  of  ionization  that  will  result  immediately 
after  the  dosing. 

UV/Vis  Spectrometer  System 

Two  spectrometers  are  present  on  the  sensor  module  and  have  similar 
mechanical  and  optical  designs,  but  are  sensitive  tc  different  spectral  regions. 
One  instrument  is  sensitive  to  the  ultraviolet  region  (1300-3300A)  and  the  other 
instrument  is  sensitive  to  the  visible  region  ( 3000-8000A) .  The  fore-optics  in 
each  instrument  restrict  the  fields  of  view  to  6°  by  0.075°  and  6°  x  0.083°  for 
the  UV  and  visible,  respectively.  The  6°  views  are  oriented  perpendicular  to 
the  beam  while  the  smaller  angles  are  oriented  along  the  beam.  The 
characteristics  of  each  spectrometer  are  shown  in  Table  6  while  the  production 
and  detector  quantum  efficiencies  for  the  different  emissions  are  listed  in 
Table  7.  A  schematic  representation  of  a  spectrometer  is  shown  in  Figure  12. 
The  spectrometers  are  assumed  to  be  aimed  at  the  beam  a  distance  10  percent  of 
the  beam  practical  range  away  from  the  guns.  This  relationship  is  defined  in 
Figure  3b. 
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TABLE  6 


TYPE 

FOCAL  LENGTH 
WAVELENGTH 
SPECTRAL  RESOLUTION 
SLIT  WIDTH 

SLIT  HEIGHT  (EFFECTIVE) 

SLIT  TYPE 

SLIT  AREA 

IMAGING  LENS 

LENS  APERTURE 

LENS  FOCAL  LENGTH 

FOV 

AS 

GRATING  RULED  AREA 
GRATING  RULING 
GRATING  BLAZE 
GRATING  COATING 
SIZE 

MATERIAL 

WAVELENGTH  SCANTIME 

FLYBACK  TIME 

PMT 

INTEGRATED  DETECTOR 
SAMPLING  RATE 
MAX  COUNT  RATE 

TEMP  SENSOR 

CAL  LAMP  with  SUPPLY 

POWER 

FRONT  PLATE 


SPECTROMETER  SPECIFICATIONS 

VISIBLE  SPECTROMETER 

EBERT- FASTI E 
1/4  meter 
3000  -  8000A 
10A 

0.035cm 
2.54cm 
CURVED 
0 . 089cm2 
FUSED  SILICA 
6.51cm 

24.27cm  @  4000A 
0.083°  x  6° 

3. 97(10)” 3  cm2  SR 
5cm  x  5cm 
1200  L/tam 
5000A 
AL  -  MgF2 

REF  VISIDYNE  #502-3-032 

Al 

2.6  sec 
0.24  sec 
EMR  541E-01-13 
RSI  231-209 
750/sec 

5  x  103 /sample 
4  x  106/sec 
NAT.  SEMICOND.  LM  135 
RSI  DKWG  170-230-0-1 
28  VDC  +/~  4  VDC,  2  AMP 
REF  DRWG  502-3-031 


UV  SPECTROMETER 

EBERT-FASTIE 
1/4  meter 
1300  -  3300A 
6A 

•036cm 

2.86cm 

CURVED 

0.103cm2 

MgF, 

6.51cm 

27.32cm  @  2000  A 
0.075°  x  6° 
3.58(10)”3cm2SR 
5cm  x  5cm 
2400  L/mm 
2400A 
AL  -  MgF2 

REF  VISIDYNE  #502-3-032 
Al 

2.1  sec 
0.12  sec 
EMR  542F-09-17 
RSI  252-211 
750/sec 

5  x  103 /sample 
4  x  10* /sec 
LM  135 

RSI  DRWG  170-230-0-1 
28  VDC  +/~  4  VDC,  2  AMP 
REF  DRWG  502-3-031 
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TABLE  7 


SPECTROMETER  &  AURORAL  EFFICIENCIES 

Wavelength 

Auroral 

Quantum 

(A) 

Efficiency 

Photons/watt-sec 

Efficient 

Prompt: 

1743 

1.1  x  10“4 

8.8  x  1017 

.008 

1854 

1.4  x  10~4 

9.3  x  1017 

.008 

2313 

5.4  x  10'5 

1.2  x  1018 

.008 

3577 

1.4  x  10"3 

1.8  x  1018 

.045 

3914 

4.0  x  10"3 

1.97  x  1018 

.049 

4709 

2.5  x  10-4 

2.4  x  1018 

.05 

5609 

6.6  x  10“4 

2.8  x  1018 

.02 

6705 

1.4  x  10"3 

3.4  x  1018 

.009 

7064 

5.5  x  10'4 

3.6  x  1018 

.005 

7505 

3.0  x  10~3 

3.8  x  1018 

.002 

30 


Counting  rates  for  various  prompt  emitters  (see  Table  7)  have  been 
calculated  for  the  two  spectrometers  and  are  based  on  the  production  models 
described  earlier.  Figures  13-15  are  plots  of  the  expected  counts  per  second  by 
the  UV  and  visible  spectrometers  from  the  prompt  emitters.  Each  plot  is  for  a 
different  condition  set.  These  plots  are  the  predicted  count  rates  with  and 
without  the  neutral  density  filter,  which  is  inserted  on  alternate  scans.  The 
count  rate  with  the  neutral  density  filter  in  place  will  be  reduced  by  a  factor 
of  100. 

The  0(1S)  emission  at  5577A  is  a  delayed  emission  that  is  likely  to  be 
observed  with  the  spectrometer  package.  Figure  16  shows  these  predictions.  Two 
extrema  are  seen  for  each  curve.  The  absolute  minimum  occurs  close  to  apogee 
where  the  number  density  is  the  smallest,  while  the  relative  maximum  prior  to 
apogee  is  due  to  the  maximum  dose  time  near  tangency.  For  the  X5577  emission, 
it  was  assumed  that  the  only  important  quenching  particle  for  the  altitudes  of 
interest  was  atomic  oxygen1 4 1  .  For  the  rate  constant  of  this  reaction,  and  for 
those  of  the  other  delayed  emissions  treated  in  this  report,  see  Table  5.  The 
concentrations  of  atomic  and  molecular  oxygen  were  determined  by  use  of  the  CIRA 
1972  (Mean  COSPAR  International  Reference  Atmosphere).  Figure  17  shows  those 
concentrations,  per  cubic  meter,  for  the  EXCEDE  III  altitudes.  It  should  be 
noted  that  this  30°  N  atmosphere  is  a  daytime  atmosphere,  whereas  the  EXCEDE  III 
flight  will  be  a  local  midnight  launch.  As  a  consequence,  the  atomic  oxygen 
concentrations  used  in  these  predictions  may  be  high;  this  would  be  due  to  lack 
of  significant  photodissociation  in  the  ambient  nighttime  atmosphere. 

Photometer  System 

The  photometer  system  mounted  on  the  sensor  module  consists  of  four 
scanning  photometers  and  four  fixed  photometers.  The  scanning  photometers  take 
data  over  an  angular  range  of  45°  across  the  beam,  thereby  observing  the 
temporal  history  of  the  four  different  transitions.  Two  of  the  fixed 
photometers,  known  as  the  Boresight  photometers  are  associated  with  the  UV  and 
visible  spectrometers.  Each  spectrometer  has  a  photometer  mounted  on  it  to 
monitor  the  data.  The  two  boresight  photometers  have  the  same  field  of  view  as 
their  respective  spectrometers  and  therefore  sample  the  same  beam  areas.  Both 
of  the  photometers  are  similar  and  each  one  measures  the  pronpt  emission  at 
X3914A.  The  counting  rate  for  these  devices  is  also  given  in  Figures  13-15. 
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EXCEDE  III  PREDICTED  SPECTROMETER  COUNTS 
(  )  INDICATES  WITH  ATTENUATOR  IN  ,39U 
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EXCEDE  III  PREDICTED  SPECTROMETER  COUNTS 
(  )  INDICATES  WITH  ATTENUATOR  IN 
CONDITION  SET  2 
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Figure  14.  Spectrometer  Counting  Rate:  Condition  2 
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Figure  16.  X5577  Delayed  Spectrometer  Counting  Rate 
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Figure  17.  0  and  O2  Number  Densities 


The  remaining  two  photometers,  also  known  as  the  Fixed  Phctometers,  are  aimed 
18°  posterior  to  the  beam  throughout  in  flight,  and  samp.e  one  delayed  line 
(X5200)  and  one  proirpt  line  (X5278),  respectively. 

Scanning  Photometer 

Hie  scanning  photometer  consists  of  four  photometers  that  continuously  scan 
over  a  range  of  45°.  The  scanning  photometers  observe  two  prompt  emissions 
(X3914  and  X3805)  and  two  delayed  emissions  (X5577  and  XI 761).  All  four  of 
these  photometers  have  a  field  of  view  equal  to  0.1°  and  seal  through  a  range  of 
angles  from  15°  south  of  the  the  beam  to  30°  north  of  the  beam,  at  a  rate  of  one 
scan  in  either  direction  every  second.  The  detector  is  sampLed  at  a  rate  of  750 
samples/sec.  A  summary  of  the  specifications  are  given  in  Table  8;  Table  9 
lists  the  efficiencies  used  in  the  calculations  for  the  seaming  photometer. 

Predictions  of  the  count  rates  for  the  prompt  emissions  are  shown  in 
Figures  18  and  19.  Curves  for  each  condition  set  are  shown  in  each  figure. 
Figures  20  through  25  show  the  count  rates  for  the  delayed  enission  lines.  Each 
of  these  figures  shows  a  family  of  curves  representing  5°  angular  increments  of 
the  scan  for  the  down  leg  of  the  flight  path  only.  The  couni:  rate  for  the  X2761 
emission  is  seen  to  be  low  and  it  is  anticipated  that  the  f:.eld  of  view  will  be 
expanded  significantly.  The  value  for  the  field  of  view  will  be  determined  by 
the  results  of  measurements  obtained  during  the  calibration  of  the  instrument. 
Fixed  Photometers 

Two  photometers  are  aimed  18°  posterior  to  the  beam  and  have  a  6°  field  of 
view.  One  photometer  measures  a  delayed  line  at  520CA  while  the  other 
instrument  measures  a  prompt  line  at  5228A.  Table  10  summarizes  the 
specifications  and  the  efficiencies  for  these  instruments.  The  count  rate  for 
the  delayed  line  (X5200)  is  shown  in  Figure  26  for  tie  different  flight 
conditions.  This  line  has  an  average  lifetime  of  26  hours;  consequently,  the 
count  rate  is  low  and  will  be  observed  best  near  apogee.  r,he  5228A  transition 
is  prompt  and  should  have  zero  counts  associated  with  it.  The  purpose  for 
observing  this  line  is  to  ensure  that  the  photometer  at  520OA  is  pointed  in  the 
proper  direction  and  is  measuring  delayed  transitions  only. 
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TABLE  8 


SCANNING  PHOTOMETER  SPECIFICATIONS 
SCANNING  PHOTOMETERS  -  1  SCAN/SEC 


PHOTOMETER 


NO. 

_  X 

AX 

FOV 

SCAN  ANGLE 

1 

2761 

20+6 

0.1° 

-15° 

TO  +30' 

2 

3805 

10+2 

0.1° 

-15° 

TO  +30' 

3 

3914 

10+2 

0.1° 

-15° 

TO  +30' 

4 

5577 

10+2 

0.16 

-15° 

TO  +30' 

Photometers  1-4: 

Diameter  -  2.5cm, 

AS  -  1.17 

X  10  5  cm2ster. 
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TABLE  9 


Quantum  Efficiency 
Filter  Transmittance 
Window  Transmittance 
Lens  Transmittance 
Mirror  1  Reflectance 
Mirror  2  Reflectance 
Field  of  View  (°) 
Diameter  (cm) 

AO  (cm2ster) 


SCANNING  PHOTOMETER  PARAMETERS 


2761 

3805 

3914 

5577 

0.22 

0.24 

0.24 

0.18 

0.08 

0.20 

0.20 

0.50 

0.91 

0.95 

0.95 

0.95 

0.93 

— 

— 

— 

0.90 

— 

— 

— 

0.90 

— 

— 

— 

0.1 

0.1 

0.1 

0.1 

2.5 

2.5 

2.5 

2.5 

1.17x10'- 

1.17x10' 5 

1.17x1 O' 5 

1.17x10 
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COUNT  RATE  (per  second) 
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Figure  19.  X3805  Count  Rates  for  Scanning  Photometer 
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re  22.  A5577  Scanning  Photometer  Counting  Rates:  Condition 
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Figure  23.  X2761  Scanning  Photometer  Counts  Rates:  Condition 
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Figure  24.  X2761  Scanning  Photometer  Counts  Rates:  Condition 
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Figure  25.  A2761  Scanning  Photometer  Counts  Rates:  Condition 


TABLE  10 


FIXED  PHOTOMETERS  PARAMETERS 


« 


» 


Fixed  Photometers: 


5200,5228 

Quantum  Efficiency 

0.18 

Filter  Transmittance 

0.25 

Window  Transmittance 

0.95 

Field  of  View  ( 0 ) 

6.0 

Diameter  (cm) 

2.5 

AS  (cm2ster) 

4.26  x  10 

AX 

5  ±  1  A 

Angle 

18° 
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EXCEDE  III  FIXED  PHOTOMETER 


Photometer  Counting  Rate 
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